Introduction
In January 2000, NPL submitted to GT-RF members a proposal to undertake an intercomparison of noise temperature in coaxial lines at frequencies 30 MHz, 60 MHz and 1 GHz. This proposal was formally accepted at the BIPM meeting in 2000 and assigned the designation GT-RF/00-1, which was subsequently re-labelled as CCEM.RF-K18.CL. The protocol, designated GT-RF/01-12, was agreed at the following meeting in 2001 and the participants announced: NPL (pilot laboratory), NIST, BNM-LNE and VNIIFTRI.
The participants reported results for noise temperature measurements of the two travelling standards at all frequencies, as well as reporting the voltage reflection coefficient of the travelling standards. All reported results are included in this report.
Travelling Standards
The travelling standards provided by the pilot laboratory were two solid-state noise sources with GPC-7 connectors: an HP346A Opt 002, with a nominal ENR of 5 dB (serial no.
4124A06260), and an HP346B Opt 002, with a nominal ENR of 15 dB (serial no.
4124A16660
). Both standards were powered by 28 V DC. This voltage was monitored and maintained as close to 28 V as is practicable.
The devices are 21 mm by 140 mm by 30 mm (0.8 in by 5.5 in by 1.2 in) and weigh 108 grams (3.5 oz). The DC power is supplied via a BNC connector.
The participants were asked to provide a measurement of the noise temperature for each of the travelling standards and, if possible, to measure the voltage reflection coefficient and provide this in full complex value or, if this was not possible, magnitude only.
Comparison Protocol and Schedule
The travelling standards were circulated to the participants, who were asked to provide a measurement of the noise temperature of the travelling standards at frequencies of 30 MHz, 60 MHz and 1 GHz. The participants were also asked to provide a measurement of the voltage reflection coefficient (VRC) of both standards at each frequency.
Owing to delays in the procurement of the travelling standards and in customs, the timetable was not strictly adhered to and hence the comparison took place between February 2002 and September 2003, the initial and final measurements being carried out by the pilot laboratory, NPL.
The table below gives the date of measurement at each of the participating laboratories. 
Laboratory

NPL Measurements
The travelling standards, operating at (28.00 ± 0.01) V DC, were calibrated against the NPL Working Noise Standards, which have direct traceability to UK Primary Noise Standards.
The noise measurements were made according to the procedures laid down in NPL Procedure Document QPCEM/B/080.
The reflection coefficients were measured on network analysers according to the procedures laid down in NPL Procedure Document QPCEM/B/093. The uncertainties on these measurements are estimated at 0.01 in magnitude and [sin -1 (0.01/ Γ )]° in phase. If the magnitude, Γ , is less than its uncertainty, then the phase uncertainty is stated as ±180°.
The results quoted are in terms of equivalent available noise temperature, which implies that when multiplied by Boltzmann's constant, the values calculated would represent the power spectral density (W/Hz) delivered to a conjugately matched load. Each result represents the average value measured over a 2 MHz bandwidth centred on the quoted frequency accurate to ±1 kHz.
The device temperature was measured using a platinum resistance thermometer attached to the outer case. The calibration results are valid for the device temperature stated. The reported ambient temperature is that of the ambient temperature of the radiometer.
NIST Measurements
NIST noise-temperature measurements are performed on total-power radiometers, using two primary thermal noise standards, one of which is at ambient temperature and the other of which is at cryogenic (liquid nitrogen) temperature. For measurements at 30 and 60 MHz, tuneable coaxial standards [1] are used; and from 1 to 12.4 GHz, broadband coaxial standards [2] are used. All the NIST radiometers are total-power radiometers. At 1 GHz and above [3] the measurements are double sideband, at baseband, and the bandwidth of each sideband is 5 MHz. At 30 MHz and 60 MHz [1, 4] , the power is measured directly, using band-pass filters centred at the measurement frequency, with bandwidths of 0.77 MHz for 30 MHz and 1.38 MHz for 60 MHz. At least three independent measurements of the noise temperature of each noise source were made at each frequency. Because the 30 MHz and 60 MHz radiometer has type-N connectors, whereas the travelling standards have GPC-7 connectors, the measurements at 30 MHz and 60 MHz were made through adaptors, resulting in a small increase in the uncertainty. The procedure for characterizing the adaptor and removing its effect is described in references [5, 6] . The uncertainty analysis can be found in references [3, 4, 7] .
The laboratory was maintained at (23.0 ± 0.5) °C and (40 ± 5) % relative humidity during the measurements.
At 30 MHz and 60 MHz the reflection coefficient is measured on a low-frequency impedance meter. During the course of this comparison, a software error was found that resulted in incorrect values for the impedance (and reflection coefficient) of the device under test (DUT). The error has now been corrected, but the NIST results for the reflection coefficient at 30 MHz and 60 MHz in this comparison are wrong. Fortunately, because the ambient and cryogenic standards are tuned to have the same impedance as the DUT, as measured by the same impedance meter, the actual value of the impedance (or reflection coefficient) of the DUT does not affect the measured noise temperature. At 1 GHz the reflection coefficient is measured on a vector network analyser, and that result is not affected by any (known) error.
It is for this reason that NIST have withdrawn their reflection coefficient measurement results at 30 MHz and 60 MHz.
BNM-LNE Measurements
The travelling standards were compared against BNM's working noise standard (Ailtech Noise Generator, Type 7616) with PC-7 connector, which has traceability to the UK Primary Noise Standard.
The noise measurements were made on the BNM-LNE Dicke-type radiometer at a room temperature of (23 ± 1.5) °C using a supply voltage of (28.00 ± 0.17) V.
The measurements are double sideband at 1000 MHz, and single sideband at 30 MHz and 60 MHz, with noise filter bandwidths of 30 MHz and 60 MHz respectively.
VNIIFTRI Measurements
The travelling standards HP346A and HP346B were compared against the VNIIFTRI The cryogenic noise standard and the inputs of the comparators have Type N connectors, so the losses in the additional adapters were taken into account according to reference [10] .
To correct for the non-linearities in the radiometer, the measured noise levels of each device were stored and these levels were reproduced as closely as possible, with an accuracy not worse than 1%, using an auxiliary noise source and a step attenuator.
Voltage reflection coefficient magnitudes of the comparison devices were measured on an analogue measuring set (type R4-11) with an absolute uncertainty of approximately 0.02.
The noise measurements were made according to the procedures laid down in VNIIFTRI Procedure Document [11].
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Discussion of the Results
The results were presented to the pilot laboratory in the form of a noise temperature Along with the measurement results, participants were asked to provide details of the various contributions towards the measurement uncertainty for the noise temperature only. These uncertainty budgets may be found in Appendix B.
The expanded uncertainties quoted in the results are derived by multiplying the combined standard uncertainties by a coverage factor of 2.0, which is sufficient to provide a level of confidence for this expanded uncertainty of approximately 95 % for all participants. 1 The KCRV for the noise temperature at each frequency was determined by the unweighted mean of the reported results, excluding any outliers. This method was chosen, as it was believed that all four participants would provide similar results and uncertainties.
In the period of time between February 2002 and September 2003, when NPL's measurements were carried out, components were replaced in NPL's noise temperature measurement system, which required it to be re-calibrated. Because of this, it was decided to use only NPL's second measurement in the calculation of the KCRV, as it is more representative of NPL's current measurement capabilities.
BNM-LNE's noise temperature standard is traceable to UK National Standards via NPL;
therefore there is correlation associated with these measurements. However, due to the recalibration of NPL's noise measurement system between the measurement of BNM-LNE's standard at NPL and NPL's second measurement of the travelling standards, the correlation associated with these measurements will be significantly reduced (it will not be eradicated entirely).
It is believed that this correlation is low enough to be insignificant. In fact, a comparison of the KCRVs obtained with and without BNM-LNE's measurements shows insignificant changes and for this reason it was decided to include BNM-LNE's measurement results in the calculation of the KCRV.
The method used to determine outliers was that described in [13] , see Appendix A. If a result was considered an outlier, it was not used in the calculation of the KCRV. Results not used in the computation of the KCRV are identified in Appendix A using bold, italic typeface.
Comparison of possible variants of the KCRV and degree of equivalence estimations showed that the inclusion or exclusion of certain participants (even outliers) in the calculation changes the results by a small amount, less than the uncertainty in the KCRV or degree of equivalence. In conclusion, considering the small number of participants in this comparison, there was general satisfactory agreement among the results.
The reflection coefficients were measured as secondary quantities and do not form part of the object of this comparison; hence there is no KCRV for this measurand. The reported reflection coefficients can be seen in Tables A.1 The measured noise temperature of the HP346B at 1 GHz and its associated expanded uncertainty supplied by each laboratory together with the KCRV and its associated expanded uncertainty.
[8] . . , " ", Outlying results were excluded in obtaining the KCRV. Outliers were identified using the Median of Absolute Deviations [13], defined by
where k 1 is a multiplier determined by simulation (2.019 for 4 participants) and Y med is the median of the sample {Y i }. A value of Y j , which differs from the median by more than 2.5S(MAD), is considered an outlier, and this criterion may be used to test each point:
Should the inequality (2) be true for any point Y i , this point is identified as an outlier.
Outlying results are highlighted in the tables in bold italic typeface.
The key comparison reference values for this comparison are calculated using the unweighted mean from the results of the participants as follows:
If any laboratory's results were considered to be outliers, they were not used in this calculation and hence the denominator was adjusted accordingly.
The expanded uncertainties associated with the KCRV were obtained using
where N is the number of laboratories used to determine the KCRV, T i is the reported measurement result from each laboratory (excluding outliers) and 2.0 is the coverage factor used to obtain the expanded uncertainty [14] .
The degrees of equivalence of each laboratory with respect to the reference value are given
If T i is an outlier, then the expanded uncertainty in ∆ Ti is given by
where u(T R ) is the combined standard uncertainty of the KCRV and equivalent to U(T R )/2.0.
If T i is not an outlier, then the expanded uncertainty in ∆ Ti is given by
owing to the existence of correlation between the KCRV and the measured value T i .
The degrees of equivalence between laboratories, ∆ Tij , are given by
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The associated expanded uncertainty, U(∆ Tij ), was determined using equation (6) , replacing
Equation (6) cannot be used to derive the uncertainty in the degree of equivalence between NPL and BNM-LNE due to BNM-LNE's results having traceability to NPL, therefore it is decided not to include a degree of equivalence between NPL and BNM-LNE 2 .
Full results can be seen in Tables A.1 
Appendix B
The tables in this appendix give details of the uncertainty contributions appropriate to the measurement of noise temperature for each of the participants, as provided by each of the participants.
BNM-LNE Uncertainties
Degrees of freedom are 58 for type A uncertainty and ∞ for type B uncertainties for all of BNM-LNE's measurements. Combined Standard Uncertainty: u T = 62K Effective DOF = 18.5 3 Variation of radiometer noise level: 
